1. Introduction {#sec1-nutrients-12-00364}
===============

The prevalence of obesity and related disorders are increasing worldwide. Adipose tissue expansion or fat accumulation in the liver, observed with obesity, activates the pro-inflammatory signaling pathway, which mediates pathogenesis of metabolic disorders, such as type 2 diabetes and nonalcoholic fatty liver disease (NAFLD) \[[@B1-nutrients-12-00364],[@B2-nutrients-12-00364],[@B3-nutrients-12-00364],[@B4-nutrients-12-00364]\]. Hypovitaminosis D is often observed in obese humans \[[@B5-nutrients-12-00364]\]. New evidence suggests that low serum vitamin D may cause and exacerbate insulin resistance and NAFLD \[[@B6-nutrients-12-00364],[@B7-nutrients-12-00364],[@B8-nutrients-12-00364]\]. Several in vitro studies have shown that 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) treatment could alleviate inflammatory responses in mouse or human adipocytes \[[@B9-nutrients-12-00364],[@B10-nutrients-12-00364]\].

Adipose tissue, composed of adipocytes and non-adipocytes known as stromal vascular cells (SVCs), functions not only as an energy reservoir but also as a mediator for immune and inflammatory responses by releasing more than 260 proteins \[[@B11-nutrients-12-00364],[@B12-nutrients-12-00364]\]. Obesity leads to hypertrophic adipose expansion, which triggers the recruitment of inflammatory immune cells and the secretion of pro-inflammatory cytokines. The number of macrophages in adipose tissue increases substantially during the course of obesity, composing half of the total adipose immune cells \[[@B2-nutrients-12-00364]\]. The production of inflammatory mediators, including monocyte chemoattractant protein-1 (MCP-1), interleukin (IL)-6, IL-1β, and tumor necrosis factor (TNF)α, increases with obesity since macrophages contribute to the production of them \[[@B13-nutrients-12-00364],[@B14-nutrients-12-00364]\]. Besides macrophages, other immune cells also contribute to low-grade inflammation in an obese state. It has been reported that CD8+ T cells could contribute to macrophage infiltration \[[@B14-nutrients-12-00364],[@B15-nutrients-12-00364]\] and the population of CD4+ T cells, both Th1 and Th17 cells, could be increased in adipose tissues from obese mice or obese humans \[[@B16-nutrients-12-00364],[@B17-nutrients-12-00364],[@B18-nutrients-12-00364]\]. The inflammatory response in adipose tissue is also triggered by pattern recognition receptors (PRRs), such as toll-like receptors (TLRs) and nucleotide-binding oligomerization domain proteins (NODs) \[[@B19-nutrients-12-00364]\]. TLR2 and TLR4 are activated not only by a pathogen-associated molecular pattern (PAMP) but also by fatty acids released from lipolysis in adipocytes \[[@B14-nutrients-12-00364],[@B20-nutrients-12-00364]\]. Therefore, obesity could increase TLR2 or TLR4 expression in adipose tissue and activate the nuclear factor-κB (NF-κB) and mitogen activated protein kinases (MAPKs) signaling pathways, leading to chronic inflammation \[[@B21-nutrients-12-00364],[@B22-nutrients-12-00364],[@B23-nutrients-12-00364],[@B24-nutrients-12-00364]\].

The identification of the vitamin D receptor (VDR) in adipocytes and hematopoietic cells suggests that 1,25(OH)2D can involve in diverse localized effects including lipogenesis, innate and adaptive immune responses, or inflammation within adipose tissue \[[@B25-nutrients-12-00364]\]. Previous studies reported that treatments with 10 or 100 nM of 1,25(OH)2D3 decrease the production of MCP-1, IL-6, and other pro-inflammatory cytokines and chemokines by pre-adipocytes and adipocytes from mice or humans \[[@B26-nutrients-12-00364],[@B27-nutrients-12-00364],[@B28-nutrients-12-00364],[@B29-nutrients-12-00364]\]. The inhibition of IL-6 and TNFα production by human peripheral blood mononuclear cell(PBMC)s and bone marrow-derived mouse cells with in vitro 1,25(OH)2D3 treatment was observed, and the elevation of MAPK phosphatases 1, which would result in the suppression of the MAPK pathway, was suggested as a mechanism \[[@B30-nutrients-12-00364]\]. On the contrary, Sun et al. \[[@B31-nutrients-12-00364]\] reported that treatment with 10 nM of 1,25(OH)2D3 in 3T3-L1 adipocytes or RAW 264.7 macrophages upregulated the macrophage colony-stimulating factor (M-CSF), macrophage inflammatory protein (MIP), IL-6, and MCP-1 levels. Therefore, the effects of in vitro 1,25(OH)2D3 treatment on the production of inflammatory cytokines remain inconclusive. In addition, there are a limited number of studies that examined the effects of dietary vitamin D supplementation as well as 1,25(OH)2D3 treatment on immune cells from the adipose tissue of obese animals. Few in vivo studies have reported that dietary vitamin D could decrease IL-6 and MCP-1 in the adipose tissue of mice \[[@B26-nutrients-12-00364],[@B28-nutrients-12-00364]\]; however, the anti-inflammatory effect of vitamin D was observed with the supplementation of 1,25(OH)2D3 (0.05 mg/kg diet), the biologically active form of vitamin D \[[@B26-nutrients-12-00364]\].

The aim of this study was to investigate whether vitamin D could alleviate inflammatory responses in adipose tissue, respectively, in adipocytes and SVCs. We evaluated whether dietary vitamin D supplementation would affect inflammatory responses and the subpopulation of immune cells in adipose tissue using high-fat diet-induced obese and lean mice. The effects of in vitro 1,25(OH)2D3 treatment on the production of pro-inflammatory cytokines and the expression of genes involved in inflammatory signaling pathways in the SVCs or adipocytes of obese and non-obese mice were investigated.

2. Materials and Methods {#sec2-nutrients-12-00364}
========================

2.1. Animals and Diets {#sec2dot1-nutrients-12-00364}
----------------------

Animals were housed in the specific pathogen free (SPF) animal facility at Seoul National University with an environmentally controlled temperature (23 ± 1 °C), relative humidity (50 ± 10%), and a 12-h light/12-h dark cycle. After 3 days of acclimation with the control diet, mice were randomly assigned to experimental groups. Food intake was measured four times per week and body weight was recorded weekly. All animal procedures were approved by the Institutional Animal Care and Use Committee of Seoul National University (approval numbers: SNU-141020-4, SNU-171010-1-1 and SNU-170404-10-2).

Three experiments (Exp.) were conducted, and five-week-old C57BL/6 male mice (Central Animal Laboratory) were used. In Exp. 1, mice were randomly assigned to 4 groups (*n* = 7\~8 per each group) and fed experimental diets that differed in fat amount (10% or 45% kcal fat, CON or HFD) and vitamin D content (1000 or 25,000 IU vitamin D3/kg diet, DC or 25DS) ad libitum for 13 weeks (CON-DC, \#103816; CON-25DS, \#119321; HFD-DC, \#103818; HFD-25DS, \#119319; Dyets, Inc., Bethlehem, PA, USA). The composition of experimental diets is shown in [Table 1](#nutrients-12-00364-t001){ref-type="table"}. In Exp. 2, mice were divided into 4 groups (*n* = 8 per each group) and fed the diets that differed in fat amount (10% or 45% kcal fat: CON or HFD) and vitamin D3 content (1000 or 10,000 IU vitamin D3/kg of diet: DC or 10DS) ad libitum for 13 weeks (CON-DC, D12450H; CON-10DS, D17090501; HFD-DC, D12451; HFD-10DS, D17090502; Research Diets, New Brunswick, NJ, USA) ([Supplementary Table S1](#app1-nutrients-12-00364){ref-type="app"}). In Exp. 3, mice were fed the control (*n* = 9) or the high-fat diet (*n* = 10) (10% or 60% kcal fat: CON, \#D12450B or HFD, \#D12492, Research Diets) ad libitum for 12 weeks ([Supplementary Table S2](#app1-nutrients-12-00364){ref-type="app"}). Animals were fasted for 12 h and euthanized by CO~2~ asphyxiation. White adipose tissues (WAT) including perirenal, intraperitoneal, epididymal, and subcutaneous fats were collected and weighed. Visceral fats (perirenal, intraperitoneal, and epididymal fat) were placed in a dish containing sterile phosphate-buffered saline (PBS) with amphotericin (250 ng/mL) for stromal vascular cell isolation.

2.2. Determination of Serum and Adipose Tissue 25(OH)D Levels {#sec2dot2-nutrients-12-00364}
-------------------------------------------------------------

Serum 25(OH)D levels were measured by radioimmunoassay (RIA) using a commercial RIA kit (DiaSorin, Stillwater, MN, USA) according to the manufacturer's instruction. The radioactivity was measured with an automatic gamma counter (2470 Wizard2, Perkin Elmer, Shelton, CT, USA). Adipose tissue 25(OH)D levels were measured by using a modification of the original method by Lipkie et al. \[[@B32-nutrients-12-00364]\]. A Shimadzu LCMS-8040 triple quadrupole mass spectrometer with a Shimadzu Nexara X ultra-high-performance liquid chromatography (UHPLC; Kyoto, Japan) system was used for the separation of 25(OH)D3 from adipose tissue extracts.

2.3. Adipocyte and Stromal Vascular Cell(SVC) Isolation {#sec2dot3-nutrients-12-00364}
-------------------------------------------------------

Visceral fats were cut into small pieces with scissors and put into DMEM (Grand Island, NY, USA) with 1 mg/mL collagenase type 2 (Sigma-Aldrich, St. Louis, MO, USA) and 2% bovine serum albumin (BSA) and were then incubated in a shaking 37 °C water bath (170 cycle/min) for 1 h. Tissue debris were removed using 200 μm nylon cell strainer. After centrifugation (1500 rpm, room temperature (RT), for 5 min), cells floating on the top were transferred to a new tube as adipocytes. The cell pellet at the bottom of the tube was washed with DMEM/10% FBS and resuspended with 1 mL of DMEM/10% FBS and 500 μL of 40% percoll in 10 × PBS. Reconstituted cells were slowly applied to a discontinuous percoll gradient, comprised of 40% and 70% percoll layers and were then centrifuged at 750× *g*, 20 °C for 20 min (excluding the acceleration and deceleration time) to acquire the immune cell fraction. The layer between the 40% and 70% percoll layers were transferred to a new tube as SVCs and centrifuged in RT at 1500 rpm for 5 min. Both adipocytes and SVCs were washed twice with DMEM/10% FBS and used for flow cytometry (FACS) analysis or cell culture.

2.4. Flow Cytometric Analysis {#sec2dot4-nutrients-12-00364}
-----------------------------

For the analysis of SVCs subpopulation, SVCs were resuspended in a FACS-staining buffer (0.09% sodium azide, 1% FBS, 1× PBS based) and 2 × 10^5^ cells per sample were incubated with the antibodies at 4 °C for 30 mins. The antibodies used for analysis were purchased from BD Pharmingen (Franklin Lakes, NJ, USA), and specific cell surface markers are shown in [Table 2](#nutrients-12-00364-t002){ref-type="table"}. After staining, cells were washed and resuspended in a FACS-staining buffer with 4% formaldehyde, then analyzed using FACSCalibur II (BD Biosciences, SA, USA) and FlowJo software version 10 (Tree Star Inc., Ashland, OR, USA).

2.5. In Vitro 1,25(OH)2D3 Treatment {#sec2dot5-nutrients-12-00364}
-----------------------------------

Adipocytes were cultured in a 6-well plate (4 × 10^6^ cells/well), and SVCs were cultured in a 12-well plate (2 × 10^5^ cells/well) with DMEM/10% FBS. To determine the effects of vitamin D, adipocytes and SVCs were incubated with either 1,25(OH)2D3 solution (10 nM, Sigma-Aldrich) in DMEM or 0.1% ethanol in DMEM (vehicle control) for 48 h and were stimulated with or without lipopolysaccharides (LPS ) (100 ng/mL, Sigma-Aldrich) during the last 24 h. Cells were incubated at 37 °C in 5% CO~2~ and a 100% humidified atmosphere. After 48 h of incubation, the supernatant was collected for cytokine analysis and cells (SVCs or adipocytes) were collected and stored at −80 °C for RNA or DNA isolation.

2.6. Determination of Pro-Inflammatory Cytokines Production {#sec2dot6-nutrients-12-00364}
-----------------------------------------------------------

MCP-1, IL-6, IL-1β, and TNF-α levels produced by adipocytes and SVCs were determined using Mouse ELISA MCP-1, IL-6, IL-1β, and TNF-α kits (BD Bioscience, San Diego, CA, USA), following the manufactures' instructions. The absorbance was measured at 450 nm with a microplate spectrophotometer (Spectramax190, Molecular devices, CA, USA).

To normalize pro-inflammatory cytokine levels for the number of adipocytes, the total DNA from adipocytes was measured using a Quick-DNA™ Miniprep Plus kit (Zymo research, Irvine, CA, USA).

2.7. RNA Extraction from SVCs and Real-Time PCR {#sec2dot7-nutrients-12-00364}
-----------------------------------------------

Total RNA was isolated from SVCs using RNAiso Plus (Takara bio., Shiga, Japan). The RNA quality was determined using agarose gel electrophoresis with the Gel Doc XR system (Bio-Rad Laboratories, Hercules, CA, USA). The total RNA (2 μg) sample was reverse transcribed into cDNA using PrimeScript™ 1st strand cDNA synthesis kit (Takara Bio Inc., Otsu, Shiga, Japan) with a thermal cycler (Applied Biosystems, Foster City, CA, USA). Each PCR reaction mixture contained synthesized cDNA, specific primers of a target gene, with SYBR Premix Ex Taq and ROX reference dye (Takara bio). mRNA levels of *Mcp-1*, regulated on the activation of a normal T cell expressed and secreted (*Rantes*), macrophage inflammatory protein-1 gamma (*Mip-1γ), Il-6, Il-1β, Tnf-α,* and interferon gamma (*Ifn-γ*) in the adipose tissue, *Tlr2*, *Tlr4*, dual specificity protein phosphatases (*Dusp)1, Dusp10*, nuclear factor of kappa light polypeptide gene enhanced in B-cells inhibitor alpha (*Iκbα*) in SVCs were determined with real-time quantitative PCR analysis using a StepOneTM Real-time PCR system (Applied Biosystems). The mRNA levels were normalized to the expression of the endogenous control gene (*Gapdh)* and all values are expressed as relative mRNA levels compared to the average level of the control group using the 2-ΔΔCT method. The oligonucleotide sequences of primers are presented in [Table 3](#nutrients-12-00364-t003){ref-type="table"}.

2.8. Statistical Analysis {#sec2dot8-nutrients-12-00364}
-------------------------

Statistical analysis was performed using SPSS statistical software version 23 (IBM SPSS Statistics, Chicago, IL, USA). For Exp. 1 and 2, two-way ANOVA was used to evaluate the overall effects of the amount of dietary fat (CON or HFD) and dietary vitamin D content (DC or DS). Duncan's multiple range post-hoc test was carried out when the effects of the amount of dietary fat and/or dietary vitamin D content were statistically significant. For Exp. 3, a Student's *t*-test was conducted for comparing the effects of the amount of dietary fat between the CON and HFD group. In order to evaluate the effects of in vitro 1,25(OH)2D3 treatment on SVCs or adipocytes from the same tissue, a paired *t*-test was used. All data were represented as means ± SEMs, and *p* values less than 0.05 were considered statistically significant.

3. Results {#sec3-nutrients-12-00364}
==========

3.1. Body Weight, Weight Change, WAT Weight, and Food Intake {#sec3dot1-nutrients-12-00364}
------------------------------------------------------------

There was no significant difference in body weight at week 0 among the groups. After 13 weeks, the HFD groups had higher body weight (*p* \< 0.001) and WAT weight (*p* \< 0.001) compared with the CON groups ([Table 4](#nutrients-12-00364-t004){ref-type="table"}, S3, and S4). There was no significant effect of dietary vitamin D supplementation (25,000 IU/kg diet) on WAT weight ([Table 4](#nutrients-12-00364-t004){ref-type="table"}). The average food intake (g/day) was not affected by dietary fat amount or vitamin D content. In addition, a lower dose of vitamin D supplementation (10,000 IU/kg diet) did not affect either body weight, WAT weight, or food intake ([Table S3](#app1-nutrients-12-00364){ref-type="app"}).

3.2. Serum and Epididymal Adipose Tissue 25(OH)D Levels {#sec3dot2-nutrients-12-00364}
-------------------------------------------------------

Serum 25(OH)D levels were significantly higher in the 25DS groups (25,000 IU/kg diet) when compared with the DC groups ([Table 5](#nutrients-12-00364-t005){ref-type="table"}). When vitamin D was supplemented at the level of 25,000 IU/kg diet, serum 25(OH)D levels were significantly lower in the HFD-25DS group compared with the CON-25DS group. These results were also confirmed with a lower dose of vitamin D supplementation (10,000 IU/kg diet) ([Table S3](#app1-nutrients-12-00364){ref-type="app"}).

Epididymal 25(OH)D levels of the 25DS groups were higher than those of the DC groups (3.3-fold, *p* \< 0.001). The amount of dietary fat tended to have a significant effect on epididymal adipose tissue 25(OH)D levels ([Table 5](#nutrients-12-00364-t005){ref-type="table"}).

3.3. 1-Hydroxylase and Vdr Expression in Epididymal Adipose Tissue {#sec3dot3-nutrients-12-00364}
------------------------------------------------------------------

Neither dietary fat amount nor dietary vitamin D content had a significant impact on the mRNA levels of *Cyp27b1* and *Vdr* ([Figure S1](#app1-nutrients-12-00364){ref-type="app"}).

3.4. Expression of Pro-Inflammatory Chemokines and Cytokines Expression in Epididymal Adipose Tissue {#sec3dot4-nutrients-12-00364}
----------------------------------------------------------------------------------------------------

To evaluate whether dietary vitamin D supplementation (25,000 IU/kg diet) could alleviate inflammatory responses in adipose tissue, the expression of pro-inflammatory cytokines was determined ([Figure 1](#nutrients-12-00364-f001){ref-type="fig"}). The HFD groups had higher mRNA levels of epididymal *Mcp-1* (4.4-fold, *p* \< 0.001), *Rantes* (1.9-fold, *p* \< 0.001), *Mip-1γ* (2.9-fold, *p* \< 0.001), and *Tnf α* (4.0-fold, *p* \< 0.001) compared with the CON groups. Overall, vitamin D supplementation reduced the expression of *Mcp-1* (25% less, *p* = 0.05) and *Rantes* (43% less, *p* = 0.04). The HFD-25DS group had significantly lower *Mcp-1* mRNA levels compared with HFD-DC group (26% lower). The expression of *Mip-1γ* and *Tnf-α* was not significantly affected by vitamin D supplementation. Overall, the 25DS groups had lower mRNA levels of *Il-6* (70% less, *p* = 0.04) and *Il-1β* (52% less, *p* = 0.02) compared with the DC groups.

3.5. Subpopulation and the Number of Immune cells of SVCs in Visceral Adipose Tissue {#sec3dot5-nutrients-12-00364}
------------------------------------------------------------------------------------

The effects of a high-fat diet and vitamin D supplementation at a dose of 10,000 IU/kg on subpopulations of immune cells in SVCs were determined. The number of each type of immune cell per gram of visceral adipose tissue and total cell numbers are shown in [Figure 2](#nutrients-12-00364-f002){ref-type="fig"} and [Table S5](#app1-nutrients-12-00364){ref-type="app"}. The number of SVCs per g from visceral adipose tissue was significantly higher in the HFD groups than in the CON groups. Numbers of macrophages and NK cells (number/g tissue and total number) in SVCs were significantly higher in the HFD groups compared with the CON groups; however, there was no significant effect of vitamin D supplementation ([Figure 2](#nutrients-12-00364-f002){ref-type="fig"} and [Figure S2](#app1-nutrients-12-00364){ref-type="app"}).

Numbers of B cells, CD4+ T cells, and CD8+ T cells/g tissue were not different among groups ([Figure 2](#nutrients-12-00364-f002){ref-type="fig"}), while the total number of CD4+ T cells was significantly higher in HFD groups than in CON groups ([Table S5](#app1-nutrients-12-00364){ref-type="app"}). The number of CD4+ T cells (numbers/g tissue and total numbers) tended to be lower in the 10DS groups compared with the DC groups ([Figure 2](#nutrients-12-00364-f002){ref-type="fig"}: numbers/g, *p* = 0.05; [Table S5](#app1-nutrients-12-00364){ref-type="app"}: total number, *p* = 0.09).

3.6. Production of Pro-Inflammatory Cytokines by SVCs {#sec3dot6-nutrients-12-00364}
-----------------------------------------------------

In order to elucidate whether in vitro 1,25(OH)2D3 treatment (10 nM) had a specific anti-inflammatory effect on SVCs from adipose tissue, levels of pro-inflammatory cytokines produced by SVCs from CON and HFD groups were determined ([Figure 3](#nutrients-12-00364-f003){ref-type="fig"}). Significantly higher levels of MCP-1 (1.5-fold) and IL-6 (2.9-fold) were produced by LPS-stimulated SVCs from the HFD group compared with the CON group. MCP-1, IL-6, and IL-1β production from SVCs decreased significantly by in vitro 1,25(OH)2D3 treatment (MCP-1: 15% less, IL-6: 12% less, and IL-1β: 34% less) in the HFD group. In the CON group, only IL-6 production was decreased by in vitro 1,25(OH)2D3 treatment (16% less, *p* = 0.02 by paired *t*-test). The production of TNF-α by SVCs was not affected by either the high-fat diet or in vitro 1,25(OH)2D3 treatment.

3.7. Production of Pro-Inflammatory Cytokines by Adipocytes {#sec3dot7-nutrients-12-00364}
-----------------------------------------------------------

The effects of vitamin D on the production of pro-inflammatory cytokines by adipocytes were determined by in vitro 1,25(OH)2D3 treatment (10 nM). Adipocytes from the HFD group produced higher levels of MCP-1 (2.1-fold, *p* = 0.02) and IL-6 (5.5-fold, *p* \< 0.001) than those from the CON group ([Figure 4](#nutrients-12-00364-f004){ref-type="fig"}). However, the production of IL-1β was significantly higher in adipocytes from the CON group than those from the HFD group. There was a tendency of decreased MCP-1 production by adipocytes from the HFD group with in vitro 1,25(OH)2D3 treatment (28% less, *p* = 0.07 by paired *t*-test). The in vitro 1,25(OH)2D3 treatment had no significant effect on IL-6, IL-1β, and TNF-α production by adipocytes from the HFD group and MCP-1, IL-6, IL-1β, and TNF-α production by adipocytes from the CON group.

3.8. Expression of Genes Involved in Inflammatory Responses in SVCs {#sec3dot8-nutrients-12-00364}
-------------------------------------------------------------------

The expression of genes involved in inflammatory signaling pathways was determined to see whether a decreased production of pro-inflammatory cytokines by 1,25(OH)2D3 treatment in SVCs could be attributed to the regulation of genes involved in MAPK and NF-κB signaling pathways ([Figure 5](#nutrients-12-00364-f005){ref-type="fig"}). *Dusp1* and *Dusp10* are phosphatases that inactivate that MAP-kinase and *Iκbα* is an inhibitor of NF-κB transcription factor. *Tlr2* mRNA levels were higher in the HFD group compared with the CON group and significantly decreased by in vitro 1,25(OH)2D3 treatment. *Tlr2* expression decreased by 25% in the CON group and by 28% in the HFD group with in vitro 1,25(OH)2D3 treatment. However, in vitro 1,25(OH)2D3 treatment had no significant effect on *Tlr4* expression. *Dusp1* mRNA levels were not different between the CON and HFD groups. With 1,25(OH)2D3 treatment, *Dusp1* expression increased significantly in the CON group (44% higher, *p* = 0.01 by paired *t*-test) and tended to be increased in the HFD group (27% higher, *p* = 0.08 by paired *t*-test). *Dusp10* mRNA levels were significantly lower in the HFD group compared with the CON group. The in vitro 1,25(OH)2D3 treatment had no effect on *Dusp10* expression. *Iκbα* mRNA levels were 27.7% lower (*p* \< 0.001) in the HFD group compared with the CON group and significantly increased by in vitro 1,25(OH)2D3 treatment in the CON (15.3% higher, *p* = 0.04 by paired t-test) and HFD groups (13.7% higher, *p* = 0.01 by paired *t*-test).

4. Discussion {#sec4-nutrients-12-00364}
=============

In this study, dietary vitamin D supplementation down-regulated the gene expression of pro-inflammatory cytokines in adipose tissue despite no difference in macrophage infiltration into the adipose tissue. The anti-inflammatory effects of vitamin D on adipose tissue might be due to the action of 1,25(OH)2D3 on inflammatory signaling in SVCs, since in vitro treatment of 1,25(OH)2D3 decreased pro-inflammatory cytokine production from SVCs possibly through regulating *Dusp1* and *Iκbα*.

Obesity has been known to increase the infiltration of immune cells into adipose tissue and the secretion of pro-inflammatory cytokines \[[@B11-nutrients-12-00364],[@B38-nutrients-12-00364]\], which results in chronic adipose tissue inflammation. In the current study, the HFD groups had higher numbers of SVCs in adipose tissue (numbers/g tissue) compared with the CON groups, especially the numbers of macrophages and NK cells (per g tissue), which were 3 and 2 times higher, respectively, in the HFD groups. This is consistent with the reports that the numbers of macrophages as well as NK cells were higher in the obese mice that were fed 45% or 60% kcal fat for 12 weeks compared with lean mice \[[@B2-nutrients-12-00364],[@B39-nutrients-12-00364]\]. Furthermore, SVCs and adipocytes from obese mice produced higher levels of MCP-1 and IL-6, respectively, than those from lean mice. These results confirm that HFD-induced obesity results in inflammatory responses in adipose tissue with increased immune cell numbers in adipose tissue and the up-regulated synthesis of inflammatory cytokines from both adipocytes and SVCs.

In vitro 1,25(OH)2D3 treatment decreased MCP-1, IL-6, and IL-1β production by SVCs from obese mice (MCP-1: 15%, IL-6: 12%, and IL-1β: 34% decreased production); however, no significant difference was observed in the production of these cytokines by adipocytes with 1,25(OH)2D3 treatment. In obesity, the MCP-1 secreted by both hypertrophic adipocytes and M1 macrophages has been reported to accelerate macrophage infiltration into the adipose tissue and increase adipose tissue-derived IL-6 and IL-1β levels \[[@B11-nutrients-12-00364],[@B40-nutrients-12-00364],[@B41-nutrients-12-00364]\]. Elevated levels of IL-6 and IL-1β in adipose tissue have been reported to contribute to the risk of type 2 diabetes \[[@B42-nutrients-12-00364],[@B43-nutrients-12-00364],[@B44-nutrients-12-00364]\]. Although both adipocytes and non-adipocytes secrete these inflammatory cytokines, non-adipocytes (SVCs) produce 8\~20 times more inflammatory cytokines, including MCP-1, IL-6, IL-1β, and TNF-α, compared with adipocytes, indicating that the majority of inflammatory cytokine released are by non-adipocytes \[[@B45-nutrients-12-00364]\]. Therefore, despite the lack of significant effects of 1,25(OH)2D on adipocytes, our results suggest that vitamin D could contribute to the alleviation of adipose tissue inflammation by reducing the production of inflammatory cytokines from SVCs.

The effects of 1,25(OH)2D on adipose tissue inflammation have been investigated by other researchers \[[@B10-nutrients-12-00364],[@B27-nutrients-12-00364],[@B31-nutrients-12-00364],[@B46-nutrients-12-00364],[@B47-nutrients-12-00364]\]; however, contradictory results have been reported regarding its effects on adipocytes, and few studies have been conducted to examine the effect of vitamin D on SVCs. Sun et al. \[[@B31-nutrients-12-00364],[@B48-nutrients-12-00364]\] reported that MCP-1 and IL-6 productions were increased by treatments with 10 nM of 1,25(OH)2D3 in 3T3-L1 cells \[[@B10-nutrients-12-00364],[@B26-nutrients-12-00364]\] and differentiated human adipocytes \[[@B9-nutrients-12-00364]\], while others have shown that the production of IL-6, MCP-1, and IL-1β were reduced by 1,25(OH)2D3 in 3T3-L1 or differentiated human adipocyte; however, the cause of conflicting results were not delineated. Using 3T3-L1 and human adipocytes, Marcotorchino et al. \[[@B10-nutrients-12-00364]\] showed that vitamin D (100 nM of 1,25(OH)2D3) reduced IL-6, MCP-1, and IL-1B production and inactivated NF-κB by inducing IκBa. Gao et al. \[[@B27-nutrients-12-00364]\] reported the anti-inflammatory effect of vitamin D on SVCs by showing decreased MCP-1 and IL-6 levels with 10 or 100 nM of 1,25(OH)2D3 treatment on human pre-adipocytes. Although pre-adipocytes are one of the components of SVCs and have been shown to be involved in adipose tissue inflammation \[[@B49-nutrients-12-00364],[@B50-nutrients-12-00364]\], major contributors to the adipose inflammation are immune cells, especially M1-like macrophages, which release a substantial amount of inflammatory cytokines \[[@B13-nutrients-12-00364]\]. In this study, 47%\~50% of SVCs from HFD-induced obese mice were immune cells (CD45+ cells), of which more than 60% were macrophages. Since LPS can induce M1 polarization, the anti-inflammatory effects of vitamin D on SVCs in this study is likely to be due to its effect on immune cells in SVCs.

The activation of TLR signaling upon recognition of LPS or fatty acids released from lipolysis could induce pro-inflammatory cytokine production in adipose tissue through the NF-κB and MAPKs signaling pathways \[[@B14-nutrients-12-00364],[@B20-nutrients-12-00364]\]. Increased levels of TLR2 protein have been reported in adipose tissues from obese or diabetic humans \[[@B23-nutrients-12-00364]\], and the expression of *Tlr2* mRNA was greater in HFD-induced obese mice \[[@B27-nutrients-12-00364]\]. In this study, *Tlr2* mRNA levels in SVCs were significantly higher (117% higher) in the HFD group compared with the CON group and were decreased by 1,25(OH)2D3 treatment in both the HFD and CON groups. TLR2 antisense-treated mice were insulin sensitive and resistant to chronic inflammation when fed a HFD for 8 weeks \[[@B51-nutrients-12-00364]\]. Therefore, down-regulated *Tlr2* expression by 1,25(OH)2D3 could have contributed to the alleviation of inflammatory signaling. In addition, both *Iκbα* and *Dusp1* mRNA levels were increased by 1,25(OH)2D3 treatment. *Iκbα* is the inhibitory subunit of NF-κB activation since it blocks the binding of NF-κB transcription factors to DNA \[[@B52-nutrients-12-00364]\] and Dusp1, which is known as the MAPK phosphatase 1 (MKP1) and plays a key role in the dephosphorylation and inactivation of MAPK in mammalian cells \[[@B53-nutrients-12-00364]\]; thus, elevated expression of *Iκbα* and *Dusp1* suggests that NF-κB and MAPK signaling pathways might be inhibited by 1,25(OH)2D3 treatment. Cohen-Lahav et al. \[[@B54-nutrients-12-00364]\] reported that 1,25(OH)2D3 treatment (100 nM) could reduce NF-κB activation by elevating *IκBα* levels in murine macrophage. Additionally, Zhang et al. \[[@B47-nutrients-12-00364]\] demonstrated that the anti-inflammatory effect of vitamin D in a bone marrow-derived macrophage is MKP1 dependent, by showing that mice lacking MKP-1 were unable to reduce inflammatory cytokines upon vitamin D treatment. Therefore, decreased *Tlr2* mRNA levels and inflammatory cytokine production by 1,25(OH)2D3 treatment in SVCs in this study might be partially due to up-regulated *Iκbα* and *Dusp1* levels.

Overall, dietary vitamin D supplementation (25,000 IU/kg diet) resulted in lower mRNA levels of inflammatory cytokines (*Mcp-1, Rantes, Il-6*, and *Il-1β*) in adipose tissue by increasing adipose tissue 25(OH)D levels. However, the number of macrophages infiltrated into adipose tissue was not significantly changed by dietary vitamin D supplementation (10,000 IU vitamin D3/kg diet). Although the amount of dietary vitamin D supplemented was different between two experiments, the average serum 25(OH)D level in the 10,000 IU/kg diet-supplemented group (88.7 ng/mL) was not lower than its level in the 25,000 IU/kg diet-supplemented group (74.9 ng/mL); thus, even if vitamin D supplementation was at the 25,000 IU vitamin D3/kg diet level, it is likely that significant changes in immune cell numbers would not be observed. Dietary vitamin D might have reduced adipose tissue inflammation by regulating inflammatory gene expression directly without a significant reduction of macrophage infiltration; the anti-inflammatory effects of in vitro 1,25(OH)2D treatment on SVCs isolated from obese mice provides the mechanisms behind the in vivo effects of vitamin D.

5. Conclusions {#sec5-nutrients-12-00364}
==============

In conclusion, dietary vitamin D supplementation attenuated inflammatory responses in adipose tissue from obese mice, and this might be attributed to the specific anti-inflammatory effect of 1,25(OH)2D3 in SVCs. Vitamin D supplementation did not result in reduced numbers of macrophages and NK cells in adipose tissue, but, 1,25(OH)2D3 treatment inhibited NF-κB and MAPK signaling in SVCs by increasing the expression of *Iκbα* and *Dusp1*. As a result, 1,25(OH)2D3 reduced the production of pro-inflammatory cytokines, which are increased by obesity. These findings suggest that obese people with chronic inflammation may benefit from vitamin D supplementation, however, clinical intervention studies to confirm these findings are needed.
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![The mRNA levels of pro-inflammatory (**A**) chemokines and (**B**) cytokines in epididymal adipose tissue. Data are presented as mean ± SEM, *n* = 6\~8 for each group. Two-way ANOVA was used to determine the significant effects of fat and vitamin D content and an interaction. ^ab^ Different superscripts indicate significant difference (*p* \< 0.05) by Duncan's multiple range test. CON: 10% kcal fat diet; HFD: 45% kcal fat diet; DC: 1000 IU vitamin D/kg diet; 25DS: 25,000 IU vitamin D/kg diet. *Mcp-1*, monocyte chemoattractant protein 1; *Rantes,* regulated on activation, normal T cell expressed and secreted; *Mip-1γ*, macrophage inflammatory protein-1 gamma; *Il-6*, interleukin 6; *Il-1β*, interleukin 1beta; *Tnf-α*, Tumor necrosis factor; *Ifn-γ*, interferon gamma.](nutrients-12-00364-g001){#nutrients-12-00364-f001}

![Cell numbers per gram of visceral adipose tissue. (**A**) Stromal vascular cell, CD45+ cell, macrophage, (**B**) CD4+ T cell, CD8+ T cell, B cell, and NK cell. Data are presented as mean ± SEM, *n* = 5\~6 for each group. Two-way ANOVA was used to determine the significant effects of fat and vitamin D contents, and an interaction. ^ab^ Different superscripts indicate a significant difference (*p* \< 0.05) by Duncan's multiple range test. CON: 10% kcal fat diet; HFD: 45% kcal fat diet; DC: 1000 IU vitamin D/kg diet; 10DS: 10,000 IU vitamin D/kg diet.](nutrients-12-00364-g002){#nutrients-12-00364-f002}

![Production of pro-inflammatory cytokines by SVCs from CON and HFD mice (**A**) MCP-1 (ng/mL), (**B**) IL-6 (pg/mL), (**C**) IL-1β (pg/mL), and (**D**) TNF-α (pg/mL). SVCs were treated with vehicle (0.1% ethanol) or 1,25(OH)2D3 (10 nM) for 24 h before being stimulated with LPS (0.1 μg/mL) for another 24 hr. Data are presented as mean ± SEM, *n* = 9\~10 for each group. A paired *t*-test was used to determine the significant effect of in vitro 1,25(OH)2D3 treatment and ^\*^ indicates a significant difference (*p* \< 0.05). A student's *t* test was used to determine the significant effect of the amount of dietary fat. CON: 10% kcal fat diet; HFD: 60% kcal fat diet.](nutrients-12-00364-g003){#nutrients-12-00364-f003}

![Production of pro-inflammatory cytokines by adipocytes from CON and HFD mice (**A**) MCP-1 (pg/μg DNA), (**B**) IL-6 (pg/μg DNA), (**C**) IL-1β (pg/μg DNA), and (**D**) TNF-α (pg/μg DNA). Adipocytes were treated with vehicle (0.1% ethanol) or 1,25(OH)2D3 (10 nM) for 24 h before being stimulated with LPS (0.1 μg/mL) for another 24 h. Production of each cytokine level was normalized with total cellular DNA. Data are presented as mean ± SEM, *n* = 9\~10 for each group. A paired *t*-test was used to determine the significant effects of in vitro 1,25(OH)2D3 treatment and \* indicates a significant difference (*p* \< 0.05). A student's *t* test was used to determine the significant effect of dietary fat amount. CON: 10% kcal fat diet; HFD: 60% kcal fat diet.](nutrients-12-00364-g004){#nutrients-12-00364-f004}

![The mRNA levels of (**A**) *Tlr* and (**B**) *Dusp* and *Iκbα* in SVCs. Data are presented as mean ± SEM, *n* = 9\~10 for each group. A paired *t*-test was used to determine the significant effects of in vitro 1,25(OH)2D3 treatment and \* indicates a significant difference (*p* \< 0.05). A student's *t* test was used to determine the significant effects of the amount dietary fat. CON: 10% kcal fat diet; HFD: 60% kcal fat diet. *Tlr2*, toll like receptor 2; *Tlr4*, toll like receptor 4; *Dusp1*, dual specificity protein phosphatase 1; *Dusp10*, Dual specificity protein phosphatase 10; *Iκbα*, nuclear factor of kappa light polypeptide gene enhanced in B-cells inhibitor alpha.](nutrients-12-00364-g005){#nutrients-12-00364-f005}

nutrients-12-00364-t001_Table 1

###### 

Composition of the experimental diets (Exp. 1) ^1^.

  -----------------------------------------------------------------------------------
                           CON (10% kcal fat)   HFD (45% kcal fat)           
  ------------------------ -------------------- -------------------- ------- --------
  Casein (g)               200                  200                  200     200

  L-Cystine (g)            3                    3                    3       3

  Sucrose (g)              350                  350                  172.8   172.8

  Cornstarch (g)           315                  315                  72.8    72.8

  Dyetrose (g)             35                   35                   100     100

  Soybean Oil (g)          45                   45                   45      45

  t-BHQ (g)                0.009                0.009                0.009   0.009

  Lard (g)                 \-                   \-                   157.5   157.5

  Cellulose (g)            50                   50                   50      50

  Mineral Mix (g) ^2^      35                   35                   35      35

  Vitamin Mix (g)\         \-                   10                   \-      10
  (No vit D)                                                                 

  Vitamin Mix (g) ^3^      10                   \-                   10      \-

  Vitamin D3\              \-                   0.0625               \-      0.0625
  (400,000 IU/g)                                                             

  Choline Bitartrate (g)   2                    2                    2       2

  Total (g)                1045                 1045                 848.1   848.2

  kcal/g diet              3.69                 3.69                 4.64    4.64
  -----------------------------------------------------------------------------------

^1^ Resource: Dyets, Inc., Bethlehem, PA, USA. ^2^ 35 g of mineral mix (Dyets, \#200000) provides 5.2 g calcium, 4 g phosphorus, 3.6 g potassium, 1 g sodium, 1.6 g chloride, 0.3 g sulfur, 0.5 g magnesium, 35 mg iron, 6 mg copper, 54 mg manganese, 30 mg zinc, 2 mg chromium, 0.2 mg iodine, 0.1 mg selenium, and 4.2 g sucrose. ^3^ A total of 10 g of vitamin mix (Dyets, \#300050) provides 4000 IU vitamin A, 1000 IU vitamin D3, 50 IU vitamin E, 30 mg niacin, 16 mg pantothenic acid, 7 mg vitamin B6, 6 mg vitamin B1, 6 mg vitamin B2, 2 mg folic acid, 0.8 mg menadione, 0.2 mg biotin, 10 μg vitamin B12, and 9.8 g sucrose.
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###### 

Cell surface markers used for the flow cytometric analyses.

  Cell             Antibodies   Company, Cat\#          Clone
  ---------------- ------------ ----------------------- -----------
  Macrophage       Percp-CD45   BD bioscience, 557235   30-F11
                   FITC-CD11c   BD bioscience, 557400   HL3
                   PE-F4/80     BD bioscience, 565410   T45--2342
                   APC-CD11b    BD bioscience, 553312   M1/70
  CD4 + \_T cell   Percp-CD45   BD bioscience, 557235   30-F11
                   APC-CD4      BD bioscience, 561091   RM4--5
  CD8 + \_T cell   Percp-CD45   BD bioscience, 557235   30-F11
                   PE-CD8a      BD bioscience, 553033   53--6.7
  B cell           Percp-CD45   BD bioscience, 557235   30-F11
                   FITC-CD3     BD bioscience, 561798   17A2
                   PE-CD19      BD bioscience, 553786   1D3
  NK cell          Percp-CD45   BD bioscience, 557235   30-F11
                   FITC-CD3     BD bioscience, 561798   17A2
                   PE-NK1.1     BD bioscience, 553165   PK136
                   APC-CD11b    BD bioscience, 553312   M1/70

nutrients-12-00364-t003_Table 3

###### 

Primer sequences used in real-time PCR.

  Gene ^1^         Forward Primer              Reverse Primer            Ref.^2^
  ---------------- --------------------------- ------------------------- -------------------------------
  *Cyp27b1*        GACGATGTTGGCTGTCTTCC        ATCTCTTCCCTTCGGCTTTG      \[[@B33-nutrients-12-00364]\]
  *Vdr*            ATGTCCAGTGAGGGGGTGTA-       TGTCTGAGGAGCAACAGCAC      \[[@B33-nutrients-12-00364]\]
  *Mcp1(Ccl2)*     AGGCATCACAGTCCGAGTCAC       CCTTTTCCACAACCACCTCAAG    \[[@B34-nutrients-12-00364]\]
  *Rantes(Ccl5)*   CTTGAACCCACTTCTTCTCTGG      TGCTGCTTTGCCTACCTCTC      \[[@B35-nutrients-12-00364]\]
  *Mip-1γ(Ccl9)*   TGGGTGTTATGTAGTCAAAGGAG     GAGGAAGGAGAGGGCAGTATG     \-
  *Il-6*           CATTTCCACGATTTCCCAGAGA      TCCATCCAGTTGCCTTCTTGGG    \[[@B34-nutrients-12-00364]\]
  *Il-1β*          GCAACTGTTCCTGAACTCAACT      ATCTTTTGGGGTCCGTCAACT     \[[@B34-nutrients-12-00364]\]
  *Tnf-α*          CTGGAAAGGTCTGAAGGTAGGAAGG   AACACAAGATGCTGGGACAGTGA   \[[@B34-nutrients-12-00364]\]
  *Ifn- γ*         TGGACCTGTGGGTTGTTGAC        GAACTGGCAAAAGGATGGTG      \[[@B35-nutrients-12-00364]\]
  *Tlr2*           CTTCATCTACGGGCAGTGGT        TTTGCTGGGCTGACTTCTCT      \-
  *Tlr4*           TTTCACCTCTGCCTTCACTACA      GGGACTTCTCAACCTTCTCAA     \[[@B36-nutrients-12-00364]\]
  *Dusp1*          CGGTGAAGCCAGATTAGGAG        AGCGAAGAAGGAGCGACAA       \[[@B37-nutrients-12-00364]\]
  *Dusp10*         AGGAAAGAAGAGCGACAAGC        TCAAAGGCAAACGACCAAT       \-
  *Iκbα*           CAGCATCTCCACTCCGTCCT        ACATCAGCCCCACATTTCA       \-
  *Gapdh*          GGAGAAACCTGCCAAGTA          AAGAGTGGGAGTTGCTGTTG      \[[@B33-nutrients-12-00364]\]

^1^*Cyp27b1*, cytochrome P450 27B1; *Vdr,* vitamin D receptor; *Mcp-1*, monocyte chemoattractant protein 1; *Rantes*, regulated on activation, normal T cell expressed and secreted; *Mip-1γ*, macrophage inflammatory protein-1 gamma; *IL-6,* interleukin 6; *IL-1β,* interleukin 1beta; *Tnf-α*, tumor necrosis factor; *Ifn- γ,* interferon gamma; *Tlr2,* toll like receptor 2; *Tlr4*, toll like receptor 4; *Dusp1*, dual specificity protein phosphatase 1; *Dusp10*, Dual specificity protein phosphatase 10; *Iκbα*, nuclear factor of kappa light polypeptide gene enhanced in B-cells inhibitor alpha *, Gapdh*, glyceraldehyde 3-phosphate dehydrogenase. ^2^ Specificity for each designed primer was confirmed using melt curve analysis and Primer-BLAST in National Center for Biotechnology Information (NCBI).
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###### 

Body weight, weight gain, body fat, and food intake of mice in the CON-DC, CON-25DS, HFD-DC, and HFD-25DS groups ^1,2^.

  ---------------------------------------------------------------------------------------------------------------------------
                                CON              HFD              *p*-Value                                            
  ----------------------------- ---------------- ---------------- ----------------- ----------------- --------- ------ ------
  Body weight\                  22.8 ± 0.4       23.2 ± 0.3       22.6 ± 0.3        22.8 ± 0.3        0.32      0.38   0.65
  at 0 week (g)                                                                                                        

  Body weight\                  34.9 ± 0.5 ^a^   34.5 ± 1.2 ^a^   49.3 ± 1.3 ^c^    46.4 ± 0.9 ^b^    \<0.001   0.12   0.22
  at 13 week (g)                                                                                                       

  Weight gain (g)               12.1 ± 0.8 ^a^   11.3 ± 1.3 ^a^   26.6 ± 1.3 ^c^    23.6 ± 1.0 ^b^    \<0.001   0.11   0.33

  WAT weight ^3^ (g)            2.70 ±0.27 ^a^   2.62 ±0.33 ^a^   5.92 ± 0.17 ^b^   5.68 ± 0.24 ^b^   \<0.001   0.55   0.76

  Average food intake (g/day)   2.90 ± 0.07      3.00 ± 0.05      3.17 ± 0.17       2.80 ± 0.05       0.73      0.17   0.02
  ---------------------------------------------------------------------------------------------------------------------------

^1^ Two-way ANOVA was used to determine the significant effects of fat and vitamin D content and an interaction. ^ab^ Different superscripts indicate significant difference (*p* \< 0.05) by Duncan's multiple range test. Data are presented as mean ± SEM. ^2^ CON: 10% kcal fat; HFD: 45% kcal fat diet; DC: 1000 IU vitamin D/kg diet; 25DS: 25,000 IU vitamin D/kg diet. ^3^ WAT: White adipose tissue weight included epididymal, subcutaneous, retroperitoneum, and perinephric fat.
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###### 

Serum and epididymal adipose tissue 25(OH)D levels ^1,2^.

                                         CON              HFD              *p*-Value                                          
  -------------------------------------- ---------------- ---------------- ---------------- ---------------- ------ --------- ---------
  Serum 25(OH)D levels (ng/mL)           24.0 ± 2.5 ^a^   83.1 ± 1.6 ^c^   29.4 ± 1.7 ^a^   66.7 ± 3.7 ^b^   0.04   \<0.001   \<0.001
  Adipose 25(OH)D levels (ng/g tissue)   3.4 ± 0.4 ^a^    18.1 ± 2.2 ^b^   8.0 ± 1.5 ^a^    19.5 ± 2.1 ^b^   0.09   \<0.001   0.36

^1^ Two-way ANOVA was used to determine the significant effects of fat and vitamin D contents and an interaction. ^a,b^ Different superscripts indicate significant difference (*p* \< 0.05) by Duncan's multiple range test. Data are presented as mean ± SEM. *n* = 6\~7 for each group. ^2^ CON: 10% kcal fat; HFD: 45% kcal fat diet; DC: 1000 IU vitamin D/kg diet; 25DS: 25,000 IU vitamin D/kg diet.
